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electron temperature. The percent of variation decreases with decreasing solar activity to or 
below the threshold of detectability for the DMSP sensors. We compare in situ densities 
with simultaneous observations of total electron content but find that similar variations are 
not present in a consistent manner. Thus we conclude that the variations exist mostly as 
topside phenomena. However, comparisons with variations in the radio flux at 10.7 cm 
(Fio 7), a standard proxy for solar EUV, indicate that the topside variations are driven by the 
solar EUV flux. When compared with the variations of several alternative proxies for the 
solar EUV flux, we find that only one of them correlates better than Fio.7- Because the 
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1.    Introduction 

[2] As part of the daily specification of space weather, 
spacecraft of the Defense Meteorological Satellite Program 
(DMSP) monitor the topside ionospheric plasmas. Since 
there are insufficient observations to specify the global 
ionosphere, models and climatologies are employed to 
extrapolate across observational gaps. Long-term and con- 
tinuous measurements of topside plasmas available from 
DMSP spacecraft are invaluable for improving these 
models and climatologies. Li a preliminary survey, Rich 
and Sultan [2000] noted that the ion density varied with a 
period of roughly 27 days, the synodical rotation period of 
the Sun, but they did not describe the variation in detail. 
Since the ionospheric plasma is created by extreme ultra- 
violet (EUV) radiation from the Sun which varies as bright 
regions rotate into and out of view ofthe Earth, the plasma 
density variation is probably driven by variations in the 
EUV flux reaching the Earth. Unfortunately, long-time 
series of EUV measurements do not exist for the period 
of DMSP plasma measurement, 1987 to current. However, 
long-time series for EUV proxies are readily available. The 
purpose of this report is to demonstrate that variations of 
topside plasma densities and temperatures correlate with 
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those of EUV proxies. We then reverse the correlation to 
identify the proxies that correlate best with the topside 
plasma variability. 

[3] We note that 27-day effects show up weakly or not at 
all in many ionospheric plasma data sets and, at best, are 
very weak features of ionospheric models. An example of 
such a data set is given below. We suggest that the effect is 
much more pronounced at topside altitudes than in the E 
and F layers of the ionosphere and discuss some possible 
causes of this difference. 

2.   Data Sources 

[4] DMSP spacecraft are in polar. Sun-synchronous 
orbits. Since 1987, they carry an instrumentation package 
to monitor the behavior of thermal plasma at the constant 
geocentric altitude of ~848 km. This instrument package 
has been described by Rich [1994] and Rich and Hairston 
[1994]. The spacecraft ofthe DMSP series are designated 
with the letter F and the flight number The F8 spacecraft 
was launched in June 1987 canying the first ofthe current 
series of in situ plasma monitors. The orbital planes of 
spacecraft F8, Fll, and F13 are near the 0600-1800 local 
time (LT) meridian. Spacecraft F9, FIO, F12, F14, and F15 
are in orbit planes between 0800-2000 and 1030-2230 LT 
meridians, hi this paper, data from the three dawn-dusk and 
the five evening-sector spacecraft will be treated as two 
individual series. 

[5] This paper reports on measurements of in situ ion 
densities summed over all species (hereafter, referred to as 
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the total ion density or N,), as well as the temperatures of 
ambient electrons (7;) and oxygen ions (7bi). While the 
plasma monitor can separate the density of O"^ ions from 
those of light ions (mostly H"^ with some He"" ions), we 
ignore this capability since the total ion density is unaffect- 
ed by changes in composition. 

[6] The nearly constant local time of DMSP orbital 
planes makes their ionospheric measurements unique for 
each spacecraft. Time series from any one set of DMSP data 
are unaffected by local time variations that can dramatically 
affect plasma characteristics. This constancy in LT allows 
other drivers of the plasma characteristics to be more 
noticeable. 

[7] The plasma monitor measures Nj in the range of 10^ 
to 10* cm''^ At magnetic latitudes equatorward of the 
auroral zones,_A^, is seldom less than lO" and only falls 
below 10-' cm"-' inside plasma bubbles. Near the magnetic 
equator, A', > lO'" cm~^ in a very limited set of observations 
[Hanson and Urquhart, 1994]. In such cases, diagnostic 
output from the ion drift meter allows estimates of M up to 2 
X 10* cm-^ 

[8] The plasma monitor can measure T^ and To< in the 
range of 500° to 8000° K when the plasma density is 
between lO' and 10* cm-"\ The technique for measuring 
temperature requires that the plasma density remain rela- 
tively constant over a 4-s measurement cycle. These criteria 
are met for almost all observations at midlatitudes and low 
latitudes but are often violated at high latitudes. 

[9] Latitudes given in this paper are the corrected geo- 
magnetic latitudes of the subsatellite location. Therefore a 
position with a magnetic latitude of 0° is on a field line that 
has a magnetic latitude of 15° to 20° when traced to the 
ground. 

[10] The observed radio flux at a wavelength of 10.7 cm 
(^10.7) at local noon is a standard proxy for the flux of EUV 
radiation reaching the Earth. Prior to May 1991, it was 
measured at 1700 UT at Ottawa, Ontario, Canada. Since 
June 1991, it has been measured at 2000 UT at Penticton, 
British Columbia, Canada. F10.7 is the primary EUV proxy 
used in this paper and other similar correlation studies. It is 
well known that F,o.7 is not a perfect EUV proxy. In 
particular, some studies suggest that daily variations of the 
EUV flux are less than the daily variations of F,o.7. Since 
we are comparing the F,o.7 variations with the topside 
plasma variations to determine whether or not there is a 
correlation, this deficiency in the daily variation of the F107 
index does not affect our conclusions. 

3.   Discussion 
3.1.   Variation of Topside Ionospheric Plasma With 
Daily Variations in EUV 

[11] One way of looking at data from DMSP plasma 
monitors is to survey the daily variations of plasma 
parameters. These surveys reveal variations with a period 
of ~27 days. The variations appear at all latitudes 
equatorward of the auroral oval and midlatitude trough. 
The variations are most noticeable in the in situ plasma 
density (Af). The magnitude of change (6A'^,) varies with 
Ni (= the running 27-day average of A^, for a given mag- 
netic latitude andjnagnetic local time). When expressed as 
a percentage of A^, (or hNiINi), the magnitude is roughly 

constant for all latitudes and all observed local times. 
Figure 1 shows the percentage variations of Nj at 30°N 
magnetic latitude plotted as a function of the day of the 
year for 1999. Each plot in Figure 1 shows one of the 
four local time sectors sampled by the DMSP spacecraft. 
For comparison, the dashed lines in the bottom plots of 
Figure 1, indicate variations of F, 0.7 over the year. The 
27-day variations of A^, are approximately in phase with 
the 27-day variations in F10.7- Note that the period of 
6F,o.7 is not exactly 27 days since the source of the EUV 
radiation will be at different solar latitudes at different 
times and the rotation period of the Sun varies with 
latitude. Also, there are times when the phase of 6F,o7 
changes because of the dimming of one dominant source 
region and the brightening of another. When there is 
a period or phase_change in 6F10.7, a similar period or 
phase shift in hNJNi is anticipated. One such phase shift 
occurred in the last quarter of 1999. 

[12] We have investigated the degree to which 6A^,/A'/ 
variations are in phase with the 6F10.7 variations. We 
computed the linear correlation between daily values of 
hNi and the value of 6F,o.7 with a lag of n days. This means 
that if the lag is 1, the hNj values are correlated with the 
F10.7 values ascribed to one day prior. The lag number with 
the highest correlation coefficient indicates the phase 
relationship between hNi and F10.7. Our analysis indicates 
that near the maximum in the solar cycle, the &Af, correlates 
best with F,o.7 with a lag of 1 or 2 days, and near the 
minimum in the solar cycle, the 8A^, correlates best with 
F,o.7 with a lag of zero days. There is a lag of 8 hours buih 
into our analysis because we have averaged the A^, data 
over a UT day. Thus our A^, values have an effective time 
tag of 12 hours UT and the time tag for F,o.7 is 20 hours 
UT. Even with this 8-hour difference, our results at solar 
maximum suggest that the ionization densities in the 
topside ionosphere are related to solar EUV radiation 
absorbed in the lower thermosphere and ionosphere a day 
or two earlier. 

[13] We haw computed the linear correlation coefficients 
between hNjINi and 6F10.7/F10.7. The result for the 1999 data 
shown in Figure 1 is 0.66. The correlation varies consider- 
ably over the solar cycle. Figure 2 plots all of the A^, (third 
plot) and hNilNj (fourth plot) at the magnetic equator and 
1800 LT for the lifetimes of the DMSP topside plasma 
monitors. The top plot indicates the daily averages of F, 0.7. 
The magnetic equator was chosen for this plot to minimize 
summer/winter variations in the ionospheric data. The 1800 
LT sector was chosen to avoid disturbances that occur in the 
postsunset ionosphere. 

[14] While the average value of F,o.7 varied by a factor of 
4 over the past solar cycle, the topside density monitored by 
DMSP varied by a factor of 40. Also shown in Figure 2 are 
the percentage variations of F,o.7 and A^,. It is clear that 
S^io.7 and 6A^, decreased from maxima to minima over the 
solar cycle. As the magnitude of the variations decreased, 
the percentage variations also decreased. 

[15] The bottom plot of Figure 2 shows the linear corre- 
lation coefficient between the percentage changes in F10.7 
and A',. Each coefficient was computed by using a year's 
worth of data centered on a given day. Since there are gaps in 
the DMSP data set, the correlation was still computed even if 
35 days of data or less were missing. If more than 35 days 
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Percent Variation of Daily Ni vs. 27 day Avg Ni at 30 deg N. Mag. 
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Figure 1. Each plot shows the percentage by which the daily averaged, in situ total ion density at 30°N 
magnetic latitude varies from the 27-day average of this value during 1999. Each plot shows a different 
local time (LT). At the bottom of the 0900 and 2100 LT plots, the daily value of the observed 10.7-cm 
radio flux is shown with the scale on the right side of the 21-hour plot. 

were missing, then no correlation was computed. For this 
computation, no DMSP data were removed because of other 
conditions such as high geophysical activity. If we had 
removed data on geophysically disturbed days, represented 
by high value of the Kp index, the correlation would be 
higher than shown. The dashed line drawn at the 0.4 level 
signifies the level at which we have a reasonable confidence 
of meaningful correlation. 

[i6] Electron temperatures are compared with F10.7 in 
Figure 3. The top two plots of Figure 3 show the same F10.7 
information given in the top two plots of Figure 2. The next 
three plots show the electron temperature (7^). There are 
more gaps m T^ than A^, because of sensor problems on 
DMSP F8 and Fll. There are enough data available to state 
that during the minimum of the solar cycle, there is no 
apparent correlation between the variations in electron 
temperature and F10.7. At the maximum of the solar cycle, 
there is a Te variation of ~5% that is related to variations in 
F10.7. The correlation coefficient is barely above our 0.4 
threshold for confidence due to non-Fio.7-related variations 
at or above the 5% variation level. Various statistical 
methods could be used to improve the correlation, but 
the basic fact would remain that there is a correlation at 
the maximum in the solar cycle. During the minimum in the 
solar cycle, there may be an Fio.7-related variation that is 

well below the 5% variation level (perhaps 2%) that cannot 
be separated from the other variations in Tg. 

3.2.   Comparison Witli Other EUV Proxies 
[17] It is widely conceded that the 10.7 cm solar radio flux 

is not a perfect proxy for the solar EUV radiation. Other 
parameters have been suggested as better proxies. We 
compare some of these alternative proxies to determine if 
they are better at predicting the 27-day variation in the ion 
density observed at 840 km altihide. If they are, then they 
might be a better proxy for the prediction of other iono- 
spheric and thermospheric parameters. Figure 4 plots the 
regression coefficient for F10.7 versus logioA'^, as a function 
of magnetic latitude for all DMSP data collected near the 
dusk meridian in 1989. Each bin spans 2.5° of magnetic 
latitude and includes all longitiides. The year 1989 was 
chosen because it is near the maximum of the solar cycle 
when density variations were more prominent and because 
one of the proxies mentioned below is not available for other 
years. The correlations were performed both for all days of 
the year (annotated as all Kp) and days when Kp <4+ on the 
current and previous days (annotated as low Kp). 

[18] F10.7 is an EUV proxy from the SOLAR2000 pro- 
gram described by Tobiska et al. [2000]. It is computed by 
inserting the H Lyman a flux and the 10.7 cm flux into a set 
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Figure 2, Comparison of F10.7 and the total plasma density (A^,) near 1800 LT and the magnetic equator 
and the 10.7 cm radio flux from 1987 to 2002. The top plot shows the 27-day average of the observed 
10.7 cm radio flux along with the identification of the DMSP spacecraft used to obtain the ionospheric 
data. The next plot shows the percentage variation of the daily value from the 27-day average. The middle 
plot shows the daily averaged value of A^,. The fourth plot show the percentage variation of the daily 
value of A^, to the 27-day average, A',. The bottom plot shows the linear correlation coefficient of second 
and fourth plots. 

of modeling equations to obtain a proxy with the same units 
as F,o.7. The primary purpose of the £,0.7 index is to 
provide a more accurate thermospheric heating parameter, 
but it is generally regarded as better than F,o.7 for all uses. 
Tobiska [2001] compared £10.7 with F,o.7 for predicting the 
decay of a satellite orbit and found £10.7 superior. The major 
difference is that £10.7 variations from its 27-day averages 
are ~50% less than those of F10.7. 

[19] Figure 5 shows the results of making the same 
computations as those shown in Figure 4 except that the 
SOLAR2000 version of the £10.7 parameter is used instead 
of F10.7. While the response in each latitude bin is slightly 
different, the overall result is that there is no improvement 
in using £,0.7 instead of £,0.7 for 1989. We have repeated 
the computation for other local times and other years, and 
the result is that £10.7 improves the correlation by an 
insignificant amount (<0.05) or not at all. We conclude that 
£10.7 does not improve our ability to predict Af, at 840 km. 

[20] Marcos et al [1998] proposed an alternative proxy 
based on satellite drag calculations and £10,7 measurements. 

Actual atmospheric drags of target spacecraft at altitudes 
between 450 and 550 km were computed. £10.7 inputs to 
atmospheric density models were adjusted until the com- 
puted densities matched those obtained from the drag 
computations. This effective £,0.7 (denoted here as £10.7*) 
can be used to compute the drag on other spacecraft with 
significant improvements to orbital estimations. Although 
Marcos et al. [1998] made no claims that £,0.7* has other 
applications, we have used their values in the same manner 
as for £10.7 and £10.7- 

[21] Figure 6 shows the results of computing the correla- 
tion coefficients between £,0.7* and logioA^, for the 1800 LT 
sector in 1989. By comparing Figure 6 with Figures 4 and 5, 
it is obvious that the drag-based £10.7* correlates much better 
with A^, than either £,0.7 or £,0.7. We repeated the comparison 
for other local times in 1989 and obtained similar results. 
Unfortunately, we cannot repeat the comparison for other 
years because £,0.7* is only available publicly for 1989. 

[22] Woods et al [1996] described the SUSIM (Solar 
Ultraviolet Spectral Irradiance Monitor) index as a solar 
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Figure 3.   In a manner similar to Figure 2, the electron temperature (?;) obtained near the magnetic 
equator and 18 hours LT is compared to Fio? from 1987 to 2002. 

EUV proxy. SUSIM is based on UARS measurements of index to compute the correlations with DMSP densities. We 
the solar Mg II line near 280 nm. While this index is not cannot make direct comparisons with the F10.7* index 
scaled to match the Fio 7, this is unimportant for computing because SUSIM started in October 1991. We compared 
correlations between the SUSIM Mg H index and DMSP SUSIM with the F10.7 and £10.7 indices for 1992 to 2000 
measurements of A/,. We used version vl9r2 of the SUSM 
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Figure 4. Correlation coefficients of F,o.7 versus logioA^, versus logio A^, for DMSP observations during 1989 in the 
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Figure 6. Correlation coefficients of F,o.7* (based on 
drag) versus log,o A^, for DMSP observations during 1989 in 
the 1800 LT sector. 

and found the correlation coefficients to be the same, ±0.05, 
for all local times and all solar maximum and solar 
transition years. For the solar minimum years of 1994 to 
1998, differences are larger. However, they seem random 
since the correlations are less than 0.40. 

3.3.   Comparison With Total Electron Content 
Measurements 

[23] Since solar EUV creates the ionized gas that com- 
poses the ionosphere, it seems obvious that a daily variation 
in EUV should yield daily variations in the topside plasma 
density and temperature. However, such a correlation is not 
found in the data. Others have examined the plasma 
characteristics of the bottomside of the ionosphere and the 

F region and concluded that daily variations of F10.7 cannot 
be used to specify ionospheric parameters at those altitudes. 
For example, Doherty et al. [2000] looked at day-to-day 
variations of total electron content (TEC) measurements and 
concluded that F10.7 did not improve specification algo- 
rithms. Richards [2001] reached a similar conclusion about 
estimating the density at the peak of the F2 layer (NniF2). 
Other researchers have come to similar conclusions after 
looking at various data sets but did not publish these null 
results. 

[24] To illustrate why others dismissed the daily F10.7 
variations as a driver of ionospheric parameters, we re- 
examined the original data set used by Doherty et al. 
[2000]. Figure 7 plots the daily variations of TEC measured 
at Hamilton, Massachusetts, in 1990 (top) together with the 
daily variations of F10.7. The 1800 LT sector was chosen for 
comparison with the DMSP data. The correlation coefficient 
for the whole year is 0.37 which falls below our criterion for 
a usefiil correlation. During individual months such as 
January, the correlation coefficient reached 0.66. However, 
during other months such as June, the correlation was close 
to zero. Figure 8 shows Hamilton TEC and F10.7 variations 
in 1991. No correlations are apparent for either the year or 
individual months. Both of these examples are for solar 
maximum years. We conclude that the daily variations of 
solar EUV as represented by F10.7 do affect TEC. However, 
there are other factors that affect TEC more strongly than 
F10.7 and mask the effects of daily solar EUV variations. 

[25] Values of TEC are dominated by contributions of JV, 
near the F2 peak. They fail to show a consistent variation 
with F,o.7. Why then do variations of A^, at DMSP ahitude 
correlate with F10.7? The first possibility is a "pivot effect." 
While the variation in T^, observed by DMSP is much 
smaller than the variation in A^„ it is quite real. There may 
be a similar variation in the ion temperaUire (7]) but it is 

Hamilton TEC at 18 hrs L.T. vs F10.7 for 1990 
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Figure 7.   The total electron content (TEC) observations from Hamilton, Massachusetts, and the F,o 7 
daily values for 1990 are shown as percentage variations from their respective 27-day average. 
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obscured by variations introduced by the data processing 
and other geophysical effects. This suggests that the topside 
scale heights vary with F10.7. DMSP observations come 
from ~3 to 10 scale heights above the F2 peak. A barely 
noticeable variation in density is amplified by a factor of ~3 
for each scale height that the observation is made above the 
F2 peak. Thus a A^, variation of 60% at the DMSP altitude 
might be an undetectable 3% or less iV, variation at the Fj 
peak. If this is the case then simultaneous observations at 
some intermediate altitude, e.g., 600 km, should show 
intermediate variations, e.g., 20%. Observations at higher 
altitudes (up to the O^IYC ttansition) should manifest larger 
variations. This suggests that we may even be able to detect 
solar cycle variations in the plasmaspheric density. Given 
the paucity of direct plasma density measurements in the 
plasmasphere, the fact that a solar cycle variability has not 
been reported does not mean that it does not exist. On the 
other hand, the ratio of F10.7 variations to A', at the DMSP 
altitude should increase as the solar cycle decreases because 
the number of scale heights between the F2 peak and the 
DMSP altitudes increases. This does not fit the observations 
reported. 

[26] Another possibility is that neutral density variations, 
driven by variations in EUV, are almost as large as those 
observed at DMSP. Such neutral density variations are well 
documented by 27-day cycles in sateUite drag measure- 
ments. These variations are not noticeable in the TEC and 
other F2 parameters because they are masked by other 
effects. For example, when the neutral density increases, 
the ion-neufral collision rate grows leading to increased 
recombination. The result could be that the height of the F2 
peak rises (but not by enough to be noticeable) and the 
density at the F2 peak remains about constant. Other 
influences include gravity waves that affect the F2 region 
and bottomside but not the topside ionosphere. 

[27] The above explanations and other suggestions for the 
difference in the 27-day variation at 840 km and at low 
altitudes are not fully satisfactory. Further study will be 
required for a complete explanation. At this time, we can 
state that the 27-day variation at DMSP altitude is real and 
is driven by something related to the 27-day variation in the 
EUV flux. 

[28] It is interesting that the F10.7* altemative EUV proxy 
[Marcos et al, 1998] is the only altemative that correlates 
better than the F10.7 index for predicting A', at the DMSP 
altitude. This superiority is possibly due to the fact that it is 
based on a parameter (the neutral density near and above the 
F2 peak) that is closely related to the A^, observed by DMSP. 
Even if the other proxies are better at predicting the EUV 
flux, there are several processes required to convert the 
EUV energy into neutral and plasma density and tempera- 
ture enhancements. 

3.4.   Possible Effect on Plasmasphere 
[29] Since the topside ionosphere is adjacent to the 

bottom of the plasmasphere, there may well be a 27-day 
cycle in plasmaspheric parameters. As the temperature and 
density in the topside ionosphere increase and decrease, the 
outflow of plasma into the dayside plasmasphere should 
increase and decrease. DMSP observations show that the 
27-day variation is present in regions 2 to 4 hours in LT after 
sunset. One way to maintain this variation is for the inflow 
of plasma from the plasmasphere at night to correlate with 
the outflow in the day sector. We know of no report about 
the plasmasphere that could confirm or deny this sugges- 
tion. Such a lack is due partly to the fact that no one has 
looked for this variation and partly to the difficulty of 
getting an appropriate data set for such a study. We suggest 
that data from spacecraft such as the Combined Release and 
Radiation Effects Satellite (CRRES), Polar, and others 
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could confirm this speculation if the data were properly 
separated and sorted. 

4.   Conclusions 

[30] We have demonstrated that plasma density and tem- 
perature in the midlatitude to low-latitude ionosphere at 840 
km varies with a period of ~27 days, synchronized with the 
same variation in the F,o.7 index. The magnitude and 
percentage of the 27-day variation in F10.7 and in the topside 
plasma parameters wax and wane with the solar cycle. 

[31] The source of the 27-day variation in the topside 
ionosphere must be the Sun. Since F10.7 is a proxy for the 
solar EUV flux, the variations in the topside ionosphere must 
be driven by variations in the solar EUV flux reaching the 
Earth. The 27-day period is created by the rotation of the Sun 
carrying EUV bright regions into and out of view of the Earth. 

[32] The solar EUV flux creates ionization and deposits 
heat in the ionosphere and thermosphere at a much lower 
altitude than 840 km. However, ionospheric parameters, 
such as TEC, which are strongly influenced by the iono- 
sphere around the F region peak do not show a clear 27-day 
variation. This feature of the F region has been documented 
elsewhere and again in this paper. We suggest that there is a 
27-day cycle in the ionization rates and heat production in 
the lower ionosphere, but the signatures in the plasma 
parameters are obscured by plasma dynamics which do 
not affect the topside ionosphere. 

[33] Since F10.7 is a proxy that does not perfectly track 
EUV flux changes, other proxies have been suggested from 
time to time. We tested three alternate proxies and found 
that the SOLAR2000 and the SUSIM proxies were no better 
than F10.7 at predicting the variations in the topside iono- 
sphere. The proxy suggested by Marcos et al. [1998] based 
on the drag of satellites is a better predictor of the variations 
at 840 km. Thus the thermosphere is probably responding to 
the same mechanisms as the topside ionosphere. 
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